Abstract Recent studies have described a small population of self-renewing and multipotent cells within tumors termed "cancer stem cells." These cells share many traits with somatic and embryonic stem cells and are thought to be responsible for driving tumor progression in a growing list of neoplastic diseases. Cells within solid tumors encounter hypoxia due to poor vascular function. Both long-standing and emerging data describe hypoxic effects on somatic and embryonic stem cells, and it is likely that hypoxia also has profound effects on cancer stem cells. These effects include the activation of pathways that induce the dedifferentiation of cancer cells, the maintenance of stem cell identity, and increased metastatic potential. Hypoxia may contribute to tumor progression by specifically impacting these pathways in cancer stem cells.
are endowed with extensive potential for cell division. These cells are termed "cancer stem cells" and have recently been identified in a variety different human tumors [13] . The first cancers found to contain a cancer stem cell population were hematopoietic in origin [14, 15] . Early fundamental experiments with these neoplasms established the existence of a cancer initiating cell, with relatively few required to initiate tumors in mice. In addition, these studies established the rarity of cancer stem cells in the tumor population and their ability to proliferate indefinitely. Recently, cancer stem cells have been experimentally isolated in a number of solid tumors, including those of brain [16, 17] , breast [18] , and colon [19, 20] . These cancer stem cells were identified on the basis of surface markers. In breast cancers these cells are CD44 + CD24
−/low Lineage − and cells within this population efficiently form tumors in immunocompromised mice [18] . Relatively few stem cells were capable of forming tumors whereas many more cells from the remaining population were required to establish a tumor [18] . Other cancers yielded similar observations (brain tumor stem cells express nestin and CD133, and colon cancer stem cells express CD133) [16, 19, 20] . These studies solidified the recognition that cancer stem cells are a component of solid tumors.
With the concept of cancer stem cells established, studies are now aimed at gaining a better understanding of the molecular basis of how these cells are generated and regulated. It will be critical to determine the signaling pathways that maintain them in the stem cell-state in order to target them therapeutically. Important clues have been gleaned from a comparison between "normal" stem cells (such as embryonic stem [ES] cells and somatic stem cells) and cancer stem cells. This review will examine the role of hypoxia, an important influence in tumor biology, as it specifically impacts cancer stem cell biology. We will first consider the parallels between normal stem cells and cancer stem cells, to illustrate pathways shared between these stem cell types and how hypoxia may promote stem cell maintenance or initiation. We will then examine the role of cancer stem cells in metastasis and potential modifications of this process by hypoxia. Finally, we will consider possible effects of hypoxia on cancer stem cells in therapeutic approaches.
Stem cells
Stem cells are characterized by their capacity for selfrenewal and multipotency. Specifically, stem cell division generates another stem cell and a daughter which can ultimately become a number of differentiated cell types [21] . This capability is perhaps best understood in the context of hematopoiesis: upon division, a hematopoietic stem cell (HSC) gives rise to one HSC and a mulipotent progenitor which is capable of generating all differentiated blood cell types. This paradigmatic stem cell behavior illustrates what is thought to occur upon cancer stem cell division.
A central issue in stem cell biology is the source of signals that maintain stem cell identity. It is known for example, that HSC reside within specific regions of the bone marrow. Residence in specific locations, or "niches," appears to be a common feature of stem cells and certainly provides some of the critical stem cell maintenance signals [13, [22] [23] [24] [25] [26] . Experiments using C. elegans and Drosophila melanogaster stem cells have demonstrated the need for stem cell association with cells that comprise the niche [25, 26] . Some of the relevant molecular events have been determined in these systems, though in mammals less is known about the niche and the contribution of various signaling pathways [23] . Even less is known about the cancer stem cell niche, and the relevant contribution of niche cells to the cancer stem cell phenotype. The niche is likely comprised of numerous cellular and non-cellular components which contribute to its character [27] . This could be especially true of cancer stem cells, as the environment of solid tumors is certainly more dynamic than that of normal tissues. It is also possible that some cancer stem cells loose dependence on niches, or even create their own niche [27, 28] . The task for cancer stem cell research now includes identifying these niche components and evaluating the niche as a target for therapeutic intervention.
Although specific cells making up the niche have not been identified for a number of normal stem cells, some of the relevant pathways required for stem cell maintenance are known. These include the BMP, Wnt, Notch, PTEN, Shh, and JAK-STAT pathways [23, 25] . Interestingly, at least some of these pathways are affected by hypoxia, and as such, O 2 levels may influence their signaling and ultimately stem cell identity. We will return to this point in more detail below.
It is well known that O 2 levels regulate the developmental fate of stem cells within the embryo. The mammalian embryo has been experimentally determined to experience low O 2 using hypoxia staining dyes and expression of hypoxia induced genes [7] . Interestingly, hypoxia clearly affects the differentiation of human ES cells [29] . In these experiments it was determined that hypoxic culture (3-5% O 2 ) of human ES cells resulted in maintenance of an undifferentiated state, and culture in atmospheric O 2 conditions resulted in differentiation. It is tempting to draw parallels between these observations and cancer stem cells, especially given the frequency and extent of hypoxia in tumors.
At least some HSC likely reside in hypoxic microenvironments: bone marrow, which harbors HSC, has been estimated to include microenvironments where O 2 concentrations are rather low, near 1-2% [30] . Some controversy exists over the exact location of the HSC niche, and the cells with which HSC make contact [31] . Due to this uncertainty and the technically daunting task of determining the precise O 2 levels in the bone marrow, the level of hypoxia that HSC encounter is still unknown, though it is likely that bone marrow cells experience dramatically different levels of O 2 . Regardless, HSC almost certainly experience some degree of hypoxia. In addition, hypoxic exposure has been shown to affect the biology of HSC. Isolated bone marrow progenitors (Lineage
grown in hypoxic conditions in culture proliferate more than those in atmospheric O 2 (21%) [30, 32] . Functionally, HSC grown ex vivo at 1.5% O 2 are more readily able to reconstitute the bone marrow of NOD/SCID mice than those grown in atmospheric O 2 [32] . Additionally, multiple lines of evidence from our laboratory have demonstrated the important role of O 2 levels in embryogenesis. We observed that hematopoietic progenitor proliferation, which occurs in hypoxic conditions in vivo, requires signaling downstream of Hypoxia Inducible Factor (HIF) activation (see below) [33] . In addition, hypoxia (3% O 2 ) drives the specific differentiation program in trophoblast stem cells necessary for proper placentation [34] . Decreased O 2 levels also contribute to the differentiation of hemangioblasts from ES cells [35] . Finally, we have observed that low O 2 promotes both vasculogenesis and angiogenesis in paraaortic splanchnoplural (P-Sp) explant cultures and that this activity requires HIF [36] . In addition, cytotrophoblasts, cells from the developing placenta, proliferate and maintain an undifferentiated phenotype when cultured at 2% O 2 [37] . These cells slow proliferation and differentiate when cultured at 20% O 2 , indicating that hypoxia is integral in maintaining these traits. Importantly, these observations indicate that O 2 levels profoundly influence embryogenesis and contribute to differentiation programs. Cells within the embryo or placenta (for example: hemangioblasts, cytotrophoblasts, and trophoblast stem cells) that typically experience low O 2 in vivo are therefore regulated in their proliferation and differentiation by hypoxia. Since these cells share many characteristics with cancer stem cells, hypoxic exposure may encourage cancer stem cell proliferation and survival as well and contribute to their transformed phenotype.
Other stem cells have been described which thrive in hypoxic conditions. Neural crest stem cells or neuronal stem cells respond to hypoxia (O 2 levels between 1 and 5%) with increased proliferation when compared to their normoxic counterparts [38, 39] . Interestingly, culture of neural crest stem cells in hypoxic conditions resulted in preferential differentiation into certain cell types [38] . In the context of cancer stem cells, these data indicate that certain cell fates may be more likely to arise from cancer stem cells when they are exposed to low O 2 . Such skewed differentiation could contribute to the heterogeneity of a tumor population. It is also possible that hypoxia could skew differentiation to more tumorigenic "transit-amplifying cells," thereby producing a more aggressive tumor. Finally, hypoxic conditions to which these transit-amplifying cells are exposed may drive an undifferentiated phenotype. As cancer cells are frequently more malignant when they are less differentiated, hypoxic maintenance of an undifferentiated state likely contributes to the transformed phenotype. Possible mechanisms behind this assertion await experimental evidence and will be discussed in detail below.
Somatic stem cells are present in adult tissues and can be induced to proliferate under conditions where the tissue needs to increase in size or regenerate [23] . Whether cancer stem cells arise from these somatic stem cells or other more differentiated cells, or even cell-cell fusion is still a matter of debate [40, 41] . However, the parallels between somatic stem cells and cancer stem cells are strong. One important difference, probably lies in the control of their proliferation and differentiation. Whereas somatic stem cells are highly regulated within the tissue microenvironment, by virtue of defined signals within their niche, cancer stem cells are likely to be less restricted [42] . Somatic stem cells have the luxury of a static niche environment by virtue of the relatively unchanging tissue architecture. Conversely, significant heterogeneity of tumor microenvironments coupled with dynamic changes within the tumor certainly impact the regulation of cancer stem cells. These include fluctuations in pH, nutrient, and growth factor levels, as well as O 2 concentrations. Fluctuations in the niche environment are likely to have profound effects on the activity of cancer stem cells. While many somatic stem cells traits are shared by cancer stem cells, multiple somatic stem cell pathways are probably subverted by cancer stem cells.
Hypoxic effects on stem cells
Several pathways that impact stem cell generation and maintenance are influenced either directly or indirectly by O 2 levels. This section will detail these pathways and recent publications which describe the potential role of O 2 in their regulation. Hypoxia Inducible Factors (HIFs) are responsible for the bulk of the transcriptional response to hypoxia [9, 43] . In brief, HIFs respond to O 2 levels below approximately 3-5%. HIF functions as a heterodimeric transcription factor comprised of a constitutively expressed subunit (HIF-1b or ARNT) and a hypoxically regulated asubunit. The a-subunits are continually translated and degraded when O 2 is available. HIF-a degradation is accomplished by hydroxylation of the subunit by a family of prolyl-hydroxylase enzymes followed by ubiquitylation by the von Hippel-Lindau tumor suppressor. Rapid proteasomal degradation follows. In low O 2 conditions, the HIF-a subunits are unhydroxylated and therefore expression is maintained. A recent report identified a mechanism of O 2 -independent HIF degradation that involves the protein RACK1 in competition with HSP90 [44] . The authors argue that this mechanism of degradation determines the basal state of HIF expression, and may account for different HIF expression levels based on cell type and tissue. When stabilized, HIF-a subunits associate with HIF-1b and activate genes harboring hypoxia response elements (HRE) in their promoters or enhancers. There are multiple HIF-a subunits, which activate the transcription of both common and unique targets [45] [46] [47] . HIF activates genes involved in angiogenesis, metabolism, apoptosis, motility and other functions. The evolution of HIFs to respond to tissue hypoxia allows cells to effectively survive and alleviate low O 2 tensions. In normal tissues these events are carefully choreographed, enabling the vasculature to fully perfuse the tissue. By virtue of this system, each cell is only a short distance from the nearest capillary.
In contrast to the highly ordered formation of blood vessels in normal tissue, tumor vasculature is highly disorganized [3] . Tumor vessels are poorly formed, tortuous, leaky, and contain frequent dead-ends and occlusions due to dysregulated tumor angiogenesis. Tumors hijack the normal vascular program, but are unable to properly regulate vessel formation. Poorly formed vessels result in frequent and profound hypoxia within tumors and can subject cells to low O 2 for relatively significant periods of time. Interestingly, increased severity and extent of hypoxia associated with cancer generally results in a poorer prognosis [3, 4] . The precise mechanisms behind this observation are still under investigation. However, it is well accepted that HIFs contribute to tumor progression [48] .
Large areas of hypoxia imply that most cells within a tumor experience some degree of O 2 deprivation, including the resident cancer stem cells. The precise effects of hypoxia on these cells are not well characterized, but considering known effects on somatic stem cells hypoxia influences the regulation and perhaps even the generation of these cells. Hypoxic activation of HIF transcription is likely to affect cancer stem cells at multiple levels (Fig. 1) . In this section we describe specific effects of HIF activity and probable outcomes for cancer stem cells using somatic stem cells as a model.
Our laboratory has determined that activation of one of the HIF-a subunits, HIF-2a, affects one of the most critical components of stem cell maintenance: the transcription factor Oct-4 [45, 49] . The importance of Oct-4 in ES cells is well documented [50] [51] [52] . Oct-4 expression is limited to ES cells, epiblasts, and primordial germ cells (PGCs) and it is not expressed in differentiated adult tissue. However, Oct-4 has been detected in certain tumor tissues and enforced Oct-4 expression in ES cells makes them capable of forming tumors in a dose dependent manner [53] . Interestingly, Oct-4 is a direct target of HIF-2a [49] . ES cell-derived tumors with increased HIF-2a expression exhibit an abundance of undifferentiated tissue, indicating that Oct-4 expression likely contributes to the maintenance of stem cell multipotency [54] . Hypoxic induction of HIF2a followed by Oct-4 activation could contribute to the formation or maintenance of tumor stem cells.
Recent studies on the well characterized Notch signaling pathway further elucidate mechanisms of stem cell maintenance by hypoxia. The Notch pathway is integral in maintaining stem or progenitor cell identity in a number of contexts including the hematopoietic system and in intestine, skin, [55] and muscle [56] . Notch signaling is also important in the formation of numerous malignancies [57] . The Notch surface receptor is proteolytically cleaved upon binding of its cognate ligand, liberating Notch intracellular domains which travel to the nucleus and associate with a Increased HIF activity results in the activation of pathways involved in maintaining stem cell identity. HIF-1a can stabilize Notch1, which maintains the undifferentiated state. HIF-1a also induces genes important for invasive and metastatic phenotypes, including lysyl oxidase (LOX) and matrix metalloproteases (MMP). HIF-2a stabilization induces the expression of Oct-4, one of the most important stem cell maintenance factors. HIF-2a also enhances the activity of c-Myc, which enhances proliferation and is also required for stem cell maintenance. Thus, through HIF, hypoxia activates several pathways important for stem cell maintenance. These pathways in turn impact processes such as proliferation, decreased differentiation, invasiveness and metastasis number of DNA-binding proteins. This activates transcription of genes involved in, among other things, inhibiting differentiation. It has recently been shown that hypoxia is an important component of this pathway as HIF-1a binds to the cleaved Notch1 protein and enhances its transcriptional activity [58] . This activity is accomplished by a direct interaction with Notch1, leading to increased stability, and inhibition of neuronal and myogenic cell differentiation. Interestingly, treatment with drugs that inhibit Notch cleavage decrease hypoxic activation of Notch. Additionally, HIF-1a-deficient MEFs exhibit decreased activation of Notch targets under hypoxia. Through HIF-1a-Notch interaction hypoxia could directly maintain myoblasts, HSC, and stem cells in the intestine and skin in an undifferentiated state. Since Notch is critically important for stem cell maintenance, hypoxia may promote Notch signaling in cancer stem cells and maintain them in an undifferentiated state as well.
A recently published study begins to describe hypoxic effects on the Wnt signaling pathway [59] . Wnt activates the transcriptional upregulation of numerous genes involved in proliferation and differentiation and is well known to play an important role in tumor formation. When activated by Wnt signaling, b-catenin binds to its dimerization partner TCF-4/LEF in the nucleus resulting in target gene stimulation. This activity is necessary for the maintenance of stem cell identity, especially in stem cells such as those within the intestinal crypt. Colon cancer cell lines subjected to hypoxia (1% O 2 ) accumulate HIF-1a resulting in HIF-1a/b-catenin interaction, and inhibition of b-catenin/ TCF-4 interactions. This coincides with enhanced activation of HIF-1a regulated genes and a block in cell cycle progression. The authors argue that the interplay between these transcription factors allows cancer cells to better withstand tumor hypoxia. Since the Wnt signaling pathway is essential for maintaining stem cells it would appear that these observations contradict the assertion that hypoxia may maintain stem cell identity. However, the authors did not test stem cells specifically. Additionally, the authors did not test the effect of HIF-2a on this b-catenin activity. Finally, the cell lines examined contain alterations in the Wnt pathway, a frequent trait of colon cancer cells. These alterations (loss of APC and b-catenin mutations) could potentially affect the efficiency with which b-catenin and HIF-1a interact. These issues must be addressed experimentally. Importantly however, these data demonstrate that the HIF and Wnt pathways interact and provide a potential mechanism for Wnt-mediated maintenance of the undifferentiated state.
We and others have recently shown that both HIF-a subunits modulate the activity of the well known oncogene c-Myc. HIF-1a antagonizes the activity of c-Myc by competing for binding with the c-Myc partner Sp-1 [60] , resulting in cell cycle arrest at low O 2 levels. Data from our laboratory have demonstrated that the opposite effect occurs upon expression of HIF-2a [61] . HIF-2a expression results in enhanced c-Myc transcriptional activity, at both cMyc activated and repressed genes. These observations could have a big impact on cell signaling within solid tumors exposed to hypoxia. The latter study is especially pertinent to the maintenance of stem cells, for which c-Myc is required.
These studies begin to address important questions raised above of the origin of the cancer stem cell. A recent report demonstrated, intriguingly, that the number of genetic alterations required to form pluripotent stem cells from adult fibroblasts is surprisingly small [62] . The authors engineered fibroblasts to express Oct-4, c-Myc, Sox2 and Klf4. Amazingly, these cells appeared morphologically similar to ES cells, and gained stem cell-like proliferative potential. Additionally, they were able to initiate embryogenesis. This fascinating report demonstrates that relatively few mutations would be required to generate a stem-like cell from a differentiated somatic cell. The implications of these studies for tumor formation and especially for cancer stem cells are profound. A small number of affected pathways potentially activate stem-like properties in either normal somatic cells or perhaps more readily, in cancer cells. For cells that have already accumulated multiple mutations, additional changes would generate a stem-like phenotype. Finally, it is interesting that normal hypoxic responses impact at least two of these four alterations. HIF-2a expression, as discussed above, stimulates Oct-4 expression and promotes c-Myc activity. Hypoxic regulation of Oct-4 and c-Myc could powerfully impact cancer stem cell formation, especially in cells expressing HIF-2a. How these pathways interact with different HIF subunits in such cancer stem cells awaits further investigation.
HIF-1a has been demonstrated to inhibit the expression of a component of the DNA repair machinery, MutS through its interaction with c-Myc [63] . Previous work has demonstrated that hypoxia promotes genetic instability, especially in cells able to avoid apoptosis [64] . As genomic instability is recognized as a hallmark of tumor development, frequent hypoxic exposure likely contributes mutations leading to tumor cell transformation. This assertion would be consistent with the "mutator phenotype" associated with more aggressive cancers. Decreased O 2 would therefore result in mutations leading to cancer stem cell formation from either resident stem cells or somatic cells.
Hypoxic regulation of dedifferentiation
One model postulates that cancer stem cells are generated from differentiated somatic cells. This event, although cer-tainly rare potentially requires relatively few mutations [62] . However such "dedifferentiation" has been observed in some malignancies including neuroblastoma and breast cancer [65] . Dedifferentiation could begin modestly, with a normal cell obtaining self-renewing capacity. This cell then accumulates additional mutations leading to increased dedifferentiation, finally resulting in a cell exhibiting stem cell-like characteristics. As described in detail above, many stem cell traits can be conferred by low O 2 , mainly through the inappropriate expression of HIF. Furthermore, increased levels of genomic instability could accelerate the generation of cancer stem cells from differentiated cells. Hypoxia may also play a role in maintaining these stem cell characteristics, through Notch signaling for example (Fig. 2) . Indeed, evidence for hypoxia-induced cellular dedifferentiation of cells has recently been published for neuroblastoma [66] and breast cancer [67] . In another report, some of the molecular mechanisms underlying neuroblastoma dedifferentiation were characterized [68] . Hypoxic neuroblastoma cells exhibit increased expression of the ID2 protein [68] , which has been demonstrated to play an important role in the maintenance of the undifferentiated state of neuroblastoma cells. Interestingly, the ID2 promoter contains multiple HREs, canonical binding sites for HIF. ID2 likely contributes to the dedifferentiation of normal cells to a stem-like phenotype. Again, this event might be an initiating one, followed by further mutations contributing to the overall transformed phenotype of stem cells. ID2 could coordinate with one or more of the events described above to further maintain cells in a dedifferentiated state, such as by increased Notch signaling. These possibilities highlight the potential role for hypoxia in the generation of stem cells from normal cells. Although experimentally demonstrated in neuroblastoma and breast cancer cells, this mechanism potentially accounts for cancer stem cell generation in other tissues as well.
Hypoxia also has many effects on cells that are HIFindependent [69] , impacting numerous pathways impinging on cellular growth, proliferation, and metabolism. For example, hypoxia negatively regulates the mammalian Target of Rapamycin complex 1 (mTORC1) [70, 71] . Although mechanisms for hypoxic mTORC1 inhibition are still under investigation, this effect has been observed in many cell types. One of the major consequences is a decrease in protein synthesis capacity by the coordinated disabling of p70 S6K and translation initiation machinery. These canonical mTORC1 targets are rapidly inhibited by hypoxic exposure, and hypoxia is dominant to many other stimuli that activate mTORC1 [70] . mTORC1 inhibition has been shown to decrease cell cycle progression [72] , result in smaller cell size [73] , and sensitizes cells to apoptosis, making the kinase a promising therapeutic target [74] . At first glance, this observation seems to contradict the potential advantage that cancer stem cells likely gain from hypoxic exposure. However, it is also known that ES cells thrive under hypoxic conditions and that O 2 deprivation induces increased proliferative capacity of many stem cell types (e.g. [30] ). Therefore, mTORC1 inhibition by hypoxia may not occur in stem cells. Observations from our laboratory indicate that this may be the case. We have observed that the mTORC1 pathway is regulated differently in ES cells upon hypoxic exposure when compared to mouse embryonic fibroblasts (MEFs) (R. Nayak, B.C.B., M.C.S., unpublished). Alternatively, stem cells may alter the pathway downstream of mTORC1 allowing escape from its inhibitory effects. Finally, other pathways may feed into the mTOR pathway in stem cells, potentially negating the inhibitory effect of hypoxia. In fact, a recent study found that Wnt activates mTOR, which leads to increased protein synthesis and ultimately cell growth [75] . This could be an additional mechanism of tumor cell resistance to the inhibition of mTOR signaling imposed by hypoxia.
Metastasis, hypoxia, and cancer stem cells
Recent data indicate that cancer stem cells may be involved in tumor metastasis [76] . Several arguments make this an attractive hypothesis. First, and perhaps simplest is the proliferative potential of cancer stem cells. Since these cells are capable of unlimited division, the arrival of stem cells at distant sites naturally allows them to proliferate sufficiently to establish a new colony. If differentiated cells from the tumor arrived at distant sites and could not proliferate robustly, chances of colony formation would be far lower. Since one cell can initiate a metastatic lesion [77] it is more likely for this event to be accomplished by stem cells than by differentiated cells. Additionally, cancer stem cells are more likely to survive in foreign environments than differentiated cells, given their plasticity. Metastatic cancer stem cells potentially utilize niches present in other tissues, and may be able to recruit components of the niche itself in the new environment. Additionally, by virtue of their multipotency, cancer stem cells generate the heterogeneity in metastatic cancer observed clinically. Through these mechanisms, cancer stem cells are the most likely candidates to successfully establish a metastatic colony (Fig. 2) . Several recent reports have described the role of hypoxia in regulating various mechanistic aspects of metastasis. For example, hypoxia results in decreased expression of Ecadherin [78] [79] [80] . Loss of E-cadherin is associated with epithelial-mesenchymal transition (EMT), resulting in, among other things, increased cell motility (a requisite step in metastasis). By decreasing E-cadherin expression, hypoxia contributes to the initiation of this process. Hypoxia has also recently been shown to regulate the expression of lysyl oxidase (LOX) [81] , which is involved in cell-cell and cell-matrix interactions. LOX expression by metastasizing cells results in an increased ability to attach to foreign sites and establish colonies. Decreased LOX activity in tumors results in decreased ability to productively metastasize. These observations were made in breast and head and neck cancer, and the former has been formally demonstrated to contain cancer stem cells [18] . HIF expression by cancer stem cells could result in increased LOX activity increasing the likelihood of forming new colonies following metastasis.
In addition, HIF-1a activates the expression of the MET proto-oncogene, an important regulator of invasion and metastasis [82] . As MET is normally involved in embryonic development, the inappropriate expression of MET is yet another example of a developmental system subverted by cancer cells. It has been hypothesized that expression of MET in cancer stem cells in particular may contribute to their metastatic phenotype [83] . In addition, MET plays a role in self renewal, and so its expression could confer multiple advantages to cancer stem cells [83] . Importantly, MET is induced by hypoxia in a HIF-1a dependent manner [82] , providing another mechanism for the hypoxic induction of both self-renewal and metastasis.
HIF has also been demonstrated to regulate genes dictating ultimate metastatic destination. The chemokine receptor CXCR4, a HIF target in RCC and breast cancer [84] , is important in directing metastasis. HIF expression in RCC cells through loss of VHL activity elevates CXCR4 expression, enabling cells to home to specific anatomical locations where CXCR4 ligand SDF1 is expressed. Such homing is thought to be an important aspect of successful metastasis and migration to sites more conducive to growth may help tumor cells survive this process [85] . In this way, cancer stem cells with activated HIF could have an added advantage as metastatic cells.
Finally, several additional HIF targets may also be involved in productive metastasis. These include proteases (MMP2 and uPAR) and structural proteins, both important for the metastatic process [2] . Given the presumed increased mobility of cancer stem cells, exposure to hypoxia could enhance their ability to metastasize.
Hypoxia and cancer stem cells-a therapeutic problem
It has long been recognized that extensive hypoxia within solid tumors correlates with poorer prognosis [3, 4] . Interestingly, as discussed above, hypoxia induces numerous responses in stem cells that confer an advantage to these cells and ultimately result in poor outcomes for the patient. Additionally, cancer stem cells are known to resist therapy aimed at reducing tumor load [4] . Since traditional chemotherapy most readily kills rapidly proliferating cells, cancer stem cells within the population are inherently resistant due to their slow proliferation rate [86] . Additionally, stem cells express high levels of ABC transporters which efficiently exclude drugs [13] . These transporters are also targets of HIF [87] . Cancer stem cells would therefore derive further protection from a hypoxic environment. In addition, hypoxia is known to protect cells from radiation therapy, due to the ineffectiveness of radiation in the absence of O 2 [3] . It was recently reported that glioma stem cells are radioresistant due to an increased capacity to activate DNA repair [88] . Again, in the presence of hypoxia, which is a frequent trait of glioblastoma, this radioresistance of the cancer stem cells would be even more significantly enhanced.
The observation that cancer stem cells are resistant to therapy is an especially difficult problem in the clinic. Destruction of differentiated cancer cells but not cancer stem cells preserves those cells most likely to repopulate the tumor following therapy. Therefore, targeting cancer stem cells is of great clinical interest and therefore an active and aggressively pursued area of current research [86, 89] . An exhaustive description of current therapeutic approaches to cancer stem cells is beyond the scope of this review. However, as an illustrative example of a therapeutic approach involving cancer stem cells and their relationship to hypoxia we consider a recently published report. In this study, the authors found that brain tumor stem cells strongly associate with microvessels within brain tumors [17] . These data would suggest that cancer stem cells gain an advantage from proximity to vessels and perhaps to O 2 . However, the authors determined that the cancer stem cells associated vigorously with the endothelial cells, not necessarily blood vessels to which they contribute. Mixing experiments (of cancer stem cells and endothelial cells) were performed in vitro, where no O 2 gradient and indeed no oxygenated blood were present. This indicates that it is likely that the cancer stem cells derive an advantage by proximity to endothelial cells and perhaps surface or secreted proteins associated with these cells. The authors describe this association as a niche for brain tumor stem cells. Even if association with endothelial cells within tumors provides the cancer stem cells with O 2 , it does not preclude expression of HIF. A report by Pahlman's group recently determined that HIF-2a can be stabilized at approximately 5% O 2 which is the O 2 concentration at the ends of capillaries [90] . It is likely that this O 2 level is frequently present in tumors due to the poor vasculature. Therapeutically, targeting these vascular niches enabled the researchers to more effectively eliminate the cancer stem cells [17] . Such stem cell targeting therapies hold great promise in fighting the cancers that are known to have cancer stem cells, as well as the many that are likely to be found in the coming years.
Conclusions and future directions
The recognition that hypoxia correlates with poor clinical outcome occurred many years ago. Research currently being conducted is only now allowing us to determine some of the molecular mechanisms that underlie this observation. In addition, the realization that cancer stem cells are involved in a growing number of tumors indicates that these cells will likely be viable targets for chemotherapy in multiple diseases. The work discussed in this review indicates that many of the most troublesome traits of cancer stem cells may be induced or augmented by hypoxic exposure. Targeting cancer stem cells therapeutically will require an assessment of the microenvironment and niche of the stem cells, including the influence of hypoxia on these features.
Key unanswered questions
The work described in this review raises several important questions. What signaling pathways activated by hypoxia are essential for maintaining the cancer stem cell phenotype? What is the contribution of hypoxia in the dedifferentiation of cancer stem cells and how could this be targeted therapeutically? What role does the niche play in cancer stem cell maintenance, and what role does hypoxia play within this niche? How do we more effectively target cancer stem cells if hypoxia does contribute to their phenotype?
